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θ13 & Beyond :



Solar Summary:
• 8Boron: born where νe = ν2 remain ν2’s forever (no oscillations)

• pp and 7Be: full averaged vacuum oscillations ⇒ 2/3 ν1 and 1/3 ν2

• Solar hierarchy determined by matter effect.
(Pee < 1/2 impossible for one hierarchy)
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〈f1〉 (%) 〈f2〉 (%)

vac 69 ± 3 31 ∓ 3

pp 67 ± 4 33 ∓ 4
7Be 63 ± 4 37 ∓ 4

8B 9 ∓ 2 91 ± 2

quasi-vacuum

matter dominated

f1 = cos2 θN! and f2 = sin2 θN! 〈Pee〉 = f1 cos2 θ! + f2 sin2 θ!

vac pp 7Be 8B NeEν

〈Pee〉 = cos4 θ! + sin4 θ!

⇒ sin2 θ!
8B: ν2 fraction (%)
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θ! < π/4 θ! > π/4

KamLAND doesn’t care since sin2 2θ! same for θ! and π
2 − θ!

but SNO does !!!
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• 8Boron: born where νe = ν2 remain ν2’s forever (no oscillations)

• pp and 7Be: full averaged vacuum oscillations ⇒ 2/3 ν1 and 1/3 ν2

• Solar hierarchy determined by matter effect.
(Pee < 1/2 impossible for one hierarchy)

Solar matter effects put more
of the neutrino into ν2.
This raises the survival probability
above vacuum value since ν2 has more νe.
But the minimum of Pee in vacuum is 1/2.

For this hierarchy P matter
ee ≥ P vac

ee ≥ 1/2

But P SNO
ee = 0.347 ± 0.038 < 1/2

This solar hierarchy EXCLUDED !!!.
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http://theory.fnal.gov/people/parke/TALKS/2006



What happens to the neutrino oscillation length
in the semi-classical limit, h̄→ 0 ?

• Losc →∞
• Losc → 0

• Other

∆ = δm2L
4 h̄c E

⇒ Losc = 4πh̄cE/δm2

So in the limit h̄→ 0 then Losc → 0
same as δm2 → large !!!

and
W+ → e+ν1 with probability cos2 θ!
W+ → e+ν2 with probability sin2 θ!

compare quark sector !
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The ν Standard Model

• 3 light (mi <1 eV) Majorana Neutrinos:

⇒ only 2 δm2

|δm2
atm| ∼ 2.5× 10−3 eV2 and δm2

solar ∼ +8.0× 10−5 eV2

• Only Active flavors (no steriles):
e, µ, τ

• Unitary Mixing Matrix:

3 angles (θ12, θ23, θ13), 1 Dirac phase (δ),

2 Majorana phases (α2,α3)

|να〉flavor = Uαi|νi〉mass.
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solar ∼ 8.0× 10−5 eV2

• Only Active flavors (no steriles):
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• Unitary Mixing Matrix:
3 angles (θ12, θ23, θ13), 1 Dirac phase (δ), 2 Majorana phases (α2,α3)

|να〉flavor = Uαi|νi〉mass.

 1
c23 s23

−s23 c23

 c13 s13e−iδ

1
−s13eiδ c13

 c12 s12

−s12 c12

1

 1
eiα

eiβ


Atmos. L/E µ→ τ Atmos. L/E µ↔ e Solar L/E e→ µ, τ ββ0ν decay

In oscillation phenomena,

the phases α2, α3 are unobservable (UαiU
∗
βi)

and also the value of mlite is irrelevant (δm2)
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Neutrino Mixing Matrix:

Like the Quark Sector:
The Neutrino Mass Eigenstates, |νi〉, are a Mixture of Flavor States, |να〉:
|να〉 = Uαi|νi〉. (using sij = sin θij and cij = cos θij)

Uαi =

 1
c23 s23

−s23 c23

  c13 s13e−iδ

1
−s13eiδ c13

  c12 s12

−s12 c12

1



=

 c13c12 c13s12 s13e−iδ

−c23s12 − s13s23c12eiδ c23c12 − s13s23s12eiδ c13s23

s23s12 − s13c23c12eiδ −s23c12 − s13c23s12eiδ c13c23


Atmos. L/E µ→ τ Atmos. L/E µ↔ e Solar L/E e→ µ, τ
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Mixings and Masses Overview:

(12) Parameters: SNO, KamLAND, SK

δm2
21 = +8.0 ± 0.8× 10−5 eV 2

0.25 < sin2 θ12 < 0.37

sin2 θ12 ≥ 1
2 excluded at > 5 σ!

sign of δm2
21 determined at this C.L.

(23) Parameters: SK, K2K

|δm2
32| = 1.5− 3.4× 10−3 eV 2

0.36 < sin2 θ23 < 0.64
(obtained from sin2 2θ23 > 0.91)

Magnitude of δm2
32 and sin2 θ23 not

as well known!
Sign of δm2

32 Unknown !!!

(13) Parameters: Chooz, SK, K2K

sin2 θ13 < 0.03− 0.05
limit |δm2

32| dependent

0 ≤ δCP < 2π
Unknown!
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(12)-Sector:
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Mena + SP hep-ph/0312131(23)-Sector:
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! !sinΘ13

(13)-Sector:

Less than
4% νe

in the 3 state!

Same for ν and ν̄ therefore CPT: δ ⇔ −δ Invariant!

States 1 and 2 are νe rich.

dividing point mββ ≈ 10meV ⇒⇒
Signal below ∼ 10 meV would imply
Majorana and Normal Hierarchy!

Similarly, if Tritium decay exp. (Hyper-Katrin)
could exclude mνe > 1

30 eV , then Normal Hierarchy.

E = mc2

– Typeset by FoilTEX – 1

Less than
4% νe

in the 3 state!

E = mc2

– Typeset by FoilTEX – 1



1

2

3

1

2

3

Masses:

Less than
4% νe

in the 3 state!

States 1 and 2 are νe rich.

E = mc2
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Within ν Standard Model

The Big Questions to be Addressed are

• νe fraction of ν3: – sin2 θ13

•mass hierarchy: – sign of δm2
31

• CP violation: – sin δ != 0

Other Questions

• θ23 ↔ π
2 − θ23

• sign of cos δ = ±
√

1− sin2 δ

– Typeset by FoilTEX – 9
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October 6, 2003 Hisakazu Minakata

WIN03, Lake Geneva, Wisconsin

No indication yet of nonzero !13 from

atmospheric, solar and terrestrial "

#$2

10

 5

!"#$%&'()$("#*!"#$%&'()$("#*

F1:

F1 = f1 + α sin2 θ13

where α ≡ dF1
d sin2 θ13

∣∣∣
sin2 θ13=0

holding SNO’s CC/NC fixed.

F1 = f1 − 0.04 sin2 θ13

≈ 0.10

F2 = f2 − 0.96 sin2 θ13

≈ 0.90− sin2 θ13

F3 = sin2 θ13

Chooz bound sin2 θ13 < 0.04
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Quest for νe fraction in ν3: sin2 θ13

• Current LBL (MINOS)

• Atmospheric Neutrinos

• Low and High Energy Solar Neutrinos

• Supernova Neutrinos

• Short Baseline Reactor (Double Chooz, ...)

• Future Long Baseline (T2K, NuMI, BNL2?, ...)

• Neutrino Factories

• Beta Beams
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Limits on θ13

Chooz and SuperKamiokande:
Chooz was a ν̄e dissappearance
experiment using Reactors.
Energies few MeV.
K2K.

MINOS:
Has some sensitivity to νe above
backgrounds.
Primary goal is to measure |δm2

32|
to 10% —- VERY IMPORTANT.
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NO-VE 2006

R. Plunkett

7 February, 2006Expected MINOS Sensitivities

!m2 and sin22"#$

%e appearance  =>non-zero "13

Can improve CHOOZ limit by ~2 

with adequate protonsGreatly improve existing measurement; 

excellent test against alternative hypotheses

MINOS measurements improve with more protons



Quest for νe fraction in ν3: sin2 θ13
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Effect of !msol
2 on the atmospheric oscillation
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SK - Suzuki



Quest for νe fraction in ν3: sin2 θ13

• Current LBL (MINOS)

• Atmospheric Neutrinos

• Low and High Energy Solar Neutrinos

• Supernova Neutrinos

• Short Baseline Reactor (Double Chooz, ...)

• Future Long Baseline (T2K, NuMI, BNL2?, ...)

• Neutrino Factories

• Beta Beams
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CC/NC vs Ga

Ga

SNO

Figure 6: The iso-contours of CC/NC = 0.31 at SNO and QGe = 68.1 SNU in Ga experiments in
the sin2 θ12 − sin2 θ13 plane for different values of ∆m2

21 : ∆m2
21 = 9 · 10−5 eV2 - the dotted lines;

∆m2
21 = 8 · 10−5 eV2 - the solid lines; ∆m2

21 = 7 · 10−5 eV2 - the dashed lines.

22

Goswami + Smirnov
hep-ph/0411359

CC
NC ∼ cos2 θ13 sin2 θ12 + · · ·
sin2 θ13 ↑ ⇒ sin2 θ12 ↑
Ga ∼ cos4 θ13 cos4 θ12 + · · ·
sin2 θ13 ↑ ⇒ sin2 θ12 ↓
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sin2 θ
8B! ≈ sin2 θ12 − 0.9 sin2 θ13

sin2 θ
8pp
! ≈ sin2 θ12 + 1.5 sin2 θ13

sin2 θ
8pp
! − sin2 θ

8B! ≈ 2.4 sin2 θ13

sin2 θ
8pep
! ≈ sin2 θ12 + (0.5???) sin2 θ13
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Nunokawa, Zukanovich + SP
hep-ph/0601198



Pee = | U∗
e1e

−im2
1/2EUe1 + U∗

e2e
−im2

2/2EUe2 + U∗
e3e

−im2
3/2EUe3 |2

= |Ue1|4 + · · ·
+ 2|Ue1|2|Ue2|2 cos 2∆21 + · · ·

cos 2∆ji = 1− 2 sin2 ∆ji

Pee = 1− 4|Ue3|2|Ue1|2 sin2 ∆31 − 4|Ue3|2|Ue2|2 sin2 ∆32

− 4|Ue2|2|Ue2|2 sin2 ∆12

∆31 ≈ ∆atm ≈ ∆32

Pee = 1− 4|Ue3|2(1− |Ue3|2) sin2 ∆atm − 4|Ue2|2|Ue1|2 sin2 ∆#
= 1− sin2 2θ13 sin2 ∆atm − cos4 θ13 sin2 2θ# sin2 ∆#

– Typeset by FoilTEX – 24

Pee = | U∗
e1e

−im2
1/2EUe1 + U∗

e2e
−im2

2/2EUe2 + U∗
e3e

−im2
3/2EUe3 |2

= |Ue1|4 + · · ·
+ 2|Ue1|2|Ue2|2 cos 2∆21 + · · ·

cos 2∆ji = 1− 2 sin2 ∆ji

Pee = 1− 4|Ue3|2|Ue1|2 sin2 ∆31 − 4|Ue3|2|Ue2|2 sin2 ∆32

− 4|Ue2|2|Ue2|2 sin2 ∆12

∆31 ≈ ∆atm ≈ ∆32

Pee = 1− 4|Ue3|2(1− |Ue3|2) sin2 ∆atm − 4|Ue2|2|Ue1|2 sin2 ∆#
= 1− sin2 2θ13 sin2 ∆atm − cos4 θ13 sin2 2θ# sin2 ∆#

– Typeset by FoilTEX – 24

ν̄e (reactor) Disappearance:

Pee = | U∗
e1e

−im2
1/2EUe1 + U∗

e2e
−im2

2/2EUe2 + U∗
e3e

−im2
3/2EUe3 |2

= |Ue1|4 + · · ·
+ 2|Ue1|2|Ue2|2 cos 2∆21 + · · ·

cos 2∆ji = 1− 2 sin2 ∆ji

Pee = 1− 4|Ue3|2|Ue1|2 sin2 ∆31 − 4|Ue3|2|Ue2|2 sin2 ∆32

− 4|Ue2|2|Ue2|2 sin2 ∆12

– Typeset by FoilTEX – 24

Pee = | U∗
e1e

−im2
1/2EUe1 + U∗

e2e
−im2

2/2EUe2 + U∗
e3e

−im2
3/2EUe3 |2

= |Ue1|4 + · · ·
+ 2|Ue1|2|Ue2|2 cos 2∆21 + · · ·

cos 2∆ji = 1− 2 sin2 ∆ji

Pee = 1− 4|Ue3|2|Ue1|2 sin2 ∆31 − 4|Ue3|2|Ue2|2 sin2 ∆32

− 4|Ue2|2|Ue2|2 sin2 ∆12

– Typeset by FoilTEX – 24

ν̄e (reactor) Disappearance:

Pee = | U∗
e1e

−im2
1/2EUe1 + U∗

e2e
−im2

2/2EUe2 + U∗
e3e

−im2
3/2EUe3 |2

= |Ue1|4 + · · ·
+ 2|Ue1|2|Ue2|2 cos 2∆21 + · · ·

cos 2∆ji = 1− 2 sin2 ∆ji

Pee = 1− 4|Ue3|2|Ue1|2 sin2 ∆31 − 4|Ue3|2|Ue2|2 sin2 ∆32

− 4|Ue2|2|Ue2|2 sin2 ∆21

– Typeset by FoilTEX – 24

νe disappearance in Loooong Block of Lead:

1− P (νe → νe) = sin2 2θN! sin2 ∆N

∆N = δm2
NL

4E

same form as vacuum

BUT from δm2 sin 2θ! invarance sin2 2θN! =
(

δm2

δm2
N

)2
sin2 2θ!

1− P (νe → νe) = sin2 2θ!
(

δm2

δm2
N

)2
sin2 ∆N = sin2 2θ!

(
sin2 ∆N

∆2
N

)
∆2

enhancement or suppression depending on

sin2 ∆N
∆2

N

<
>

sin2 ∆
∆2

∆ = δm2L
4E

for small L this reduces to

1− P (νe → νe) = sin2 2θ! ∆2

same as vacuum small L.
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∆31 ≈ ∆atm ≈ ∆32

Pee = 1− 4|Ue3|2(1− |Ue3|2) sin2 ∆atm − 4|Ue2|2|Ue1|2 sin2 ∆!
Pee = 1− sin2 2θ13 sin2 ∆atm − cos4 θ13 sin2 2θ! sin2 ∆!
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∆31 ≈ ∆atm ≈ ∆32

Pee = 1− 4|Ue3|2(1− |Ue3|2) sin2 ∆atm − 4|Ue2|2|Ue1|2 sin2 ∆!
Pee = 1− sin2 2θ13 sin2 ∆atm − cos4 θ13 sin2 2θ! sin2 ∆!

δm2
atm ≈ cos2 θ!δm2

31 + sin2 θ!δm2
32
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From discovery to metrology ! G. Mention (APC)
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New Reactor Experiments:

“Super-Chooz:”
interest in Japan, Europe, Russia,
China and USA (CA & IL).

Figure from J. Link, Columbia U.
Using two detectors with the far
detector being able to be moved
to along side the near detector for
relative calibration.

Systematics Limited experiment.

1− Pνe→νe = sin2 2θ13

[
sin2 ∆atm +O

(
∆solar
∆atm

)]
+O

(
∆solar
∆atm

)2

Clean measurement of sin2 2θ13 down to ∼0.01.

Could be a “quick” and “cheap” experiment, but ...
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∆31 ≈ ∆atm ≈ ∆32

Pee = 1− 4|Ue3|2(1− |Ue3|2) sin2 ∆atm − 4|Ue2|2|Ue1|2 sin2 ∆!
Pee = 1− sin2 2θ13 sin2 ∆atm − cos4 θ13 sin2 2θ! sin2 ∆!
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Leptonic CP and T Violation 
in Neutrino Oscillations

Leptonic CP and T Violation in Oscillations

CP
νµ ↔ νe ⇐⇒ ν̄µ ↔ ν̄e Super-Beams

T $ $ T

νe ↔ νµ ⇐⇒ ν̄e ↔ ν̄µ Nu-Factory
CP

CP Violation in Neutrino Oscillations

is related to Leptogensis
and hence Baryogenesis.

sparkE – 17 Nov 2003 2

Leptogenesis



νµ → νe

Pµ→e =
∣∣∣ ∑

j U∗µj Ueje
−im2

jL/2E
∣∣∣2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
∣∣ 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

∣∣2
Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Interference term different for ν and ν̄: CP violation !!!
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νµ → νe

P (νµ → νe) = | U∗
µ1e

−im2
1/2EUe1 + U∗

µ2e
−im2

2/2EUe2 + U∗
µ3e

−im2
3/2EUe3 |2

= |2U∗
µ3Ue3 sin∆31e

−i∆32 + 2U∗
µ2Ue2 sin∆21|2

= |
√

Patme−i(∆32+δ) +
√

Psol|2

where
√

Patm = sin θ23 sin 2θ13 sin∆31 and
√

Psol ≈ cos θ23 sin 2θ12 sin∆21

P (νµ → νe) = Patm + 2
√

Patm

√
Psol cos(∆32 + δ) + Psol
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ēR
O

R
eR

to
ēL
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Vacuum:

νµ→ νe

P (νµ → νe) = | U∗
µ1e

−im2
1/2EUe1 + U∗

µ2e
−im2

2/2EUe2 + U∗
µ3e

−im2
3/2EUe3 |2

= |2U∗
µ3Ue3 sin ∆31e

−i∆32 + 2U∗
µ2Ue2 sin ∆21|2

= |
√

Patme−i(∆32+δ) +
√

Psol|2

where
√

Patm = sin θ23 sin 2θ13 sin ∆31 and
√

Psol ≈ cos θ23 sin 2θ12 sin ∆21

δ → −δ for ν̄

P (νµ → νe) = Patm + 2
√

Patm

√
Psol cos(∆32 + δ) + Psol
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ν̄e (reactor) Disappearance:

Pee = | U∗
e1e

−im2
1L/2EUe1 + U∗

e2e
−im2

2L/2EUe2 + U∗
e3e

−im2
3L/2EUe3 |2

= |Ue1|4 + · · ·
+ 2|Ue1|2|Ue2|2 cos 2∆21 + · · ·

e−iEit ⇒ e−im2
iL/2E

cos 2∆ji = 1− 2 sin2 ∆ji

Pee = 1− 4|Ue3|2|Ue1|2 sin2 ∆31 − 4|Ue3|2|Ue2|2 sin2 ∆32

− 4|Ue2|2|Ue2|2 sin2 ∆21
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Pµ→e ≈ Patm + 2
√

PatmPsol cos(∆32 ± δ) + Psol

where

Patm = sin2 θ23 sin2 2θ13 sin2 ∆31

Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Pµ→e ≈

∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

|aatm| = |asol|

sin2 2θ13 ≈ sin2 2θ12
tan2 θ23

[
π
2

δm2
21

δm2
31

]2

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the
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2 , the peak in the

Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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Asymmetry is maximum when

Patm = Psol

sin2 2θ13 =
sin2 2θ12

tan2 θ23

[
π
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δm2
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δm2
31

]2

≈ 0.002 !!!

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the

Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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At the second oscillation maximum, ∆32 = 3π

2 , the peak in the
Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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where
√

Patm = sin θ23 sin 2θ13 {sin∆31 ⇒ sin(∆31∓aL)
(∆31∓aL) ∆31}

and
√

Psol = cos θ13 cos θ23 sin 2θ12 {sin∆21 ⇒ sin(aL)
(aL) ∆21}

2σ

Eν Window

Hierarchy resolved for sin2 2θ13 > 0.008 for all δ.
√

Patm =
√

Psol

– Typeset by FoilTEX – 7

Asymmetry
Peaks:

Pµ→e ≈ | √
Patme−i(∆32±δ) +

√
Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31

– Typeset by FoilTEX – 17
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and Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Pµ→e ≈

∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

|aatm| = |asol|

sin2 2θ13 ≈ sin2 2θ12
tan2 θ23

[
π
2

δm2
21

δm2
31

]2

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the

Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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Pµ→e ≈ Patm + 2
√

PatmPsol cos(∆32 ± δ) + Psol

where Patm = sin2 θ23 sin2 2θ13 sin2 ∆31

and Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21

At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

Patm = Psol

sin2 2θ13 =
sin2 2θ12

tan2 θ23

[
π

2
δm2

21

δm2
31

]2

≈ 0.002 !!!

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the

Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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At the second oscillation maximum, ∆32 = 3π

2 , the peak in the
Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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√
Patm = ±2

√
Psol sin δ

√
Patm = −2

√
Psol cos(∆32 ± δ)

sparkE – 17 Nov 2003 4

Zero Mimicking
Solutions:

where
√

Patm = sin θ23 sin 2θ13 {sin∆31 ⇒ sin(∆31∓aL)
(∆31∓aL) ∆31}

and
√

Psol = cos θ13 cos θ23 sin 2θ12 {sin∆21 ⇒ sin(aL)
(aL) ∆21}

2σ

Eν Window

Hierarchy resolved for sin2 2θ13 > 0.008 for all δ.
√

Patm =
√

Psol

– Typeset by FoilTEX – 7

Asymmetry
Peaks:

Pµ→e ≈ | √
Patme−i(∆32±δ) +

√
Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31

– Typeset by FoilTEX – 17

mcosmo =
∑

mi

Long Baseline νµ→ νe or νe→ νµ

∆32 = π
2

– Typeset by FoilTEX – 2



Patm: P atm(νµ → νe) = |aatm|2 = sin2 θ23 sin2 2θ13 sin2 ∆31

Psol: P sol(νµ → νe) = |asol|2 = cos2 θ23 cos2 θ13 sin2 2θ12 sin2 ∆21

Sum: P (νµ → νe) = |aatm+asol|2 = P atm+P sol +2
√

P atm.P sol cos (∆32 ± δ)

∼ cos ∆32 cos δ

∼ sin∆32 sin δ

P (νµ → νe) = |aatm + asol|2 = P atm + P sol + 2
√

P atm.P sol cos (∆32 ± δ)

Matter Effects:

sin∆31 ⇒
(

∆31
∆31∓aL

)
sin(∆31 ∓ aL)

sparkE – 1 June 2004 3

Patm: P atm(νµ → νe) = |aatm|2 = sin2 θ23 sin2 2θ13 sin2 ∆31

Psol: P sol(νµ → νe) = |asol|2 = cos2 θ23 cos2 θ13 sin2 2θ12 sin2 ∆21

Sum: P (νµ → νe) = |aatm+asol|2 = P atm+P sol +2
√

P atm.P sol cos (∆32 ± δ)

∼ cos ∆32 cos δ

∼ sin∆32 sin δ

P (νµ → νe) = |aatm + asol|2 = P atm + P sol + 2
√

P atm.P sol cos (∆32 ± δ)

Matter Effects:

sin∆31 ⇒
(

∆31
∆31∓aL

)
sin(∆31 ∓ aL)

sparkE – 1 June 2004 3

Pµ→e ≈ | √
Patme−i(∆32±δ) +

√
Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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• M
ajo

ra
na

or
Dira

c

• Si
ze

m li
te

• Si
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sin
2 θ 13
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>
or

<
m 1

,m
2

• Is
sin

δC
P
!= 0 ??

?
CP

vio
lat

ion
!!!

Re
ac
to
r (

ν̄ e
→ ν̄ e

)

Lo
ng

Ba
se
lin

e
(νµ
→ ν e

)

sin
2 2θ

13
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In Matter:
Masses and Mixings in MATTER: δm2

N and θN
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Next Time:



• Majorana or Dirac

• Size mlite

• Size sin2 θ13

• Mass Hierarchy m3 > or < m1,m2

• Is sin δCP != 0 ??? CP violation !!!

Reactor (ν̄e → ν̄e)

Long Baseline (νµ → νe)
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• Majorana or Dirac

• Size mlite

• Size sin2 θ13

• Mass Hierarchy m3 > or < m1,m2

• Is sin δCP != 0 ??? CP violation !!!
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SUMMARY:

• Majorana or Dirac

• Size mlite

• Size sin2 θ13

• Mass Hierarchy m3 > or < m1,m2

• Is sin δCP != 0 ??? CP violation !!!

Reactor (ν̄e → ν̄e)

Long Baseline (νµ → νe)
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